Introduction
[2] The central and southern portions of California experience some of the most severe air quality problems in the United States, which is due to intense local emissions sources combined with topographically-influenced air flow that contains these emissions within the low-lying valleys and basins throughout the region between Los Angeles and Sacramento. Much work has been conducted in the past decades to understand the magnitude and spatiotemporal distribution of this pollution. A strong seasonal variation has been observed by multiple studies indicating that the highest particle concentrations are reached during the winter when strong temperature inversions limit vertical mixing and ventilation of the Los Angeles basin and San Joaquin valley. During the summer, a more westerly flow driven by diabatic heating in Mojave Desert and the Sierra Nevada mountains draws air inland, significantly decreasing local particle concentrations relative to those observed during winter [e.g., Chow et al., 2006; Rinehart et al., 2006; Dillon et al., 2002; Green et al., 1992, and references therein] . The prevailing westerly winds enter the San Joaquin and Sacramento Valleys through the Carquinez Strait east of San Francisco, and move northward into the Sacramento Valley and 1 southward into the San Joaquin Valley; infrequently, air enters the San Joaquin Valley through additional entrance points to the south. Similar to the sea breeze influence in the Los Angeles basin, these winds can induce a west-east pollution gradient that leads to higher aerosol concentrations near the upslope side of the Sierra Nevada and San Gabriel mountain ranges.
[3] It is known that increased concentrations of soluble aerosols affect cloud properties and lifetime by increasing droplet number and reducing the mean cloud droplet size [Twomey, 1977; Albrecht, 1989] . Recent work has suggested that these aerosol indirect effects on clouds can also suppress orographic precipitation on the windward side the southern Sierra Nevada mountains [Rosenfeld et al., 2008; Givati and Rosenfeld, 2004] . This implies that clouds are able to persist long enough to be transported over the crest of the mountains before either raining out or evaporating on the leeward side [Rosenfeld et al., 2008] , with important implications for regional water cycling. While urban pollution plumes were found to be important sources of these enhanced aerosol concentrations, Rosenfeld et al. [2008] also report that nonurban primary and secondary aerosol sources likely play an important role.
[4] In addition to inland transport, coastal pollution sources also can be transported out over the eastern Pacific ocean and influence the structure of stratocumulus cloud decks near the coast [e.g., Hegg et al., 2009; Furutani et al., 2008; Roberts et al., 2006] . These observed effects of aerosols on clouds and precipitation motivated the need to better understand the ability of California aerosol to affect cloud droplets by contributing cloud condensation nuclei (CCN). The ability of a particle to act as a CCN depends on both its size and chemical composition, which are, in turn, dependent on aerosol microphysical processes, emissions, and atmospheric processing.
[5] Major summertime aerosol sources in the San Joaquin Valley and Los Angeles basin include secondary production of nitrate and organic material (36-38% by mass), motor vehicle emissions (13-25%), fugitive dust (16-19%) , and agricultural and animal husbandry operations (4-5%) [Chen et al., 2007] . Wintertime emissions sources are more heavily affected by secondary nitrate aerosol production and residential wood burning [Chen et al., 2007] . Neuman et al. [2003] found evidence of gas-phase HNO 3 depletion associated with secondary gas-to-particle production of NH 4 NO 3 aerosol in the San Joaquin Valley and Los Angeles basin during April and May, 2002, which was not observed in the Sacramento Valley or over the coastal Pacific Ocean. This highlights the importance of agricultural ammonia emissions from local animal husbandry operations as the dominant source of atmospheric bases; Sorooshian et al. [2008] and Zhang and Anastasio [2001] also observed smaller sources of organic nitrogen (e.g., amines and amino acids) in the San Joaquin Valley that could neutralize NO 3 À . The timescales of secondary nitrate and, to a lesser extent, organic aerosol production are thought to be much less than the boundary layer mixing timescale, which result in horizontal and vertical aerosol concentration gradients in the Los Angeles basin and Central Valley [Duong et al., 2011; Neuman et al., 2003; Collins et al., 2000] . Consequently, using measurements at one or several locations to represent an entire global model grid cell ($100 km by 100 km) can lead to substantial uncertainties [Collins et al., 2000] .
[6] In this study, we seek to comprehensively characterize the compositional and size-dependence of CCN activation and hygroscopicity of California aerosol over a wide horizontal and vertical sampling area during May-June, 2010. Average regional aerosol size, composition, and hygroscopic properties are presented, which are relevant for scales typical of global models. Thus, this work will complement previous, more-focused studies of Los Angeles CCN measured near local sources [Cubison et al., 2008] , of Central Valley CCN affected by the plume from a large commercial cattle operation [Sorooshian et al., 2008] , of the coastal CCN gradient west of Los Angeles [Furutani et al., 2008] , and of eastward CCN transport in the southern Sacramento Valley [Rosenfeld et al., 2008] 
Chemical Composition Measurements
[8] Non-refractory aerosol chemical composition was obtained from a compact time-of-flight aerosol mass spectrometer (C-ToF-AMS) with a pressure-controlled inlet DeCarlo et al., 2006; Drewnick et al., 2005] . The C-ToF-AMS operates by focusing the sample aerosol stream onto a hot plate to vaporize the non-refractory aerosol components, which are subsequently ionized and detected by the time-of-flight mass spectrometer. The instrument can be operated in either "time of flight" mode or in "mass spectrum" mode, where the former involves periodically interrupting the aerosol stream with a rotating chopper to measure the size-dependent particle time-of-flight across the vacuum chamber, while the latter alternates the chopper in and out of the beam line to obtain size-averaged differential mass spectra. Both methods of operation yield mass spectra at 0.1 Hz, although, the size-resolved mass distributions were averaged over five-minute intervals to improve the signal-to-noise ratio. Mass loadings (mg cm À3 ) of sulfate, nitrate, ammonium, and organic aerosol constituents were then obtained from the mass spectra via the procedure of Allan et al. [2003] , with relative uncertainties of AE34-38% [Bahreini et al., 2009] . The C-ToF-AMS only measures non-refractory aerosol chemical composition, so this analysis neglects the contribution of black carbon (BC), sea salt, and crustal species. Concurrent measurements of BC mass on the WP-3D show it to be much less than the non-refractory aerosol mass (<3%), while the latter species typically reside in the coarse aerosol size mode and do not contribute to fine particle number concentrations. This is supported by the good mass closure between the C-ToF-AMS total mass + BC mass and the total aerosol volume calculated from the particle size distribution to within 10-20%. Consequently, omitting these compounds from the forthcoming analysis is unlikely to have a significant effect on the observed CCN characteristics.
Particle Size Distribution Measurements
[9] The dry aerosol size distribution (0.004 to 8.3 mm diameters) was measured using an ultra-high sensitivity Figure 1 . Overview of NOAA WP-3D flights during CalNex. aerosol size spectrometer (UHSAS), a white-light optical particle counter (WLOPC), and a nucleation mode aerosol size spectrometer (NMASS). The NMASS is made up of five condensation particle counters with 0.004, 0.008, 0.015, 0.030, and 0.055 mm detection diameters, and the fine particle size distributions (diameters < 1 mm) were obtained by integrating the size bins to the UHSAS distribution using a nonlinear inversion algorithm [Brock et al., 2000] . The sizing instrumentation is described by Brock et al. [2011] , and the uncertainty of the fine particle concentrations is approximately AE 11% for concentrations above 100 cm À3 .
CCN Measurements
[10] CCN measurements were conducted using a Droplet Measurement Technologies streamwise, thermal-gradient cloud condensation nuclei counter (CCNC) [Roberts and Nenes, 2005; Lance et al., 2006] , located downstream of a 2.5-mm-cutoff-diameter impactor. The CCNC consists of a cylindrical tube with wetted walls on which a streamwise linear temperature gradient is applied. Since the diffusivity of water vapor exceeds the thermal diffusivity of air, a water vapor supersaturation is generated, which is maximum at the centerline. Particles are introduced at the column centerline, and those that activate to form droplets are counted and sized by an optical particle counter at the base of the column.
[11] The CCNC supersaturation profile mainly depends on the applied temperature gradient, flow rate, and pressure [Roberts and Nenes, 2005] . During CalNex, the instrument was operated as a CCN spectrometer using the Scanning Flow CCN Analysis (SFCA) technique of Moore and Nenes [2009] . SFCA entails dynamically scanning the instrument flow rate over time to produce a nearly-instantaneous change in supersaturation, while maintaining a constant applied temperature gradient and pressure. A flow orifice and active flow control system were employed as in work by Moore et al. [2011] to maintain a constant instrument pressure of 500 hPa, while the applied temperature gradient was kept constant at 12 K. Upscan and downscan flow ramp times of 15 seconds were used, and CCN counts were integrated over each second to obtain 1-Hz CCN concentrations.
[12] Supersaturations were calibrated in terms of the CCNC internal temperature gradient, the instantaneous flow rate, and the overall flow rate range (i.e., the minimum and maximum flow rate in each scan). The relationship between supersaturation and instantaneous flow rate was found following the procedure of Moore and Nenes [2009] , where size-classified ammonium sulfate particles from a differential mobility analyzer (DMA) were introduced into the CCNC, and the DMA voltage was varied in a stepwise manner so that approximately three CCNC flow scans were obtained at each particle size. Sigmoidal activation curves of CCN versus flow rate are obtained, and the inflection point of the sigmoid is used as the critical activation flow rate, Q c , which corresponds to the critical supersaturation, s c , above which particles act as CCN. For each particle size, s c is obtained from Köhler theory [Köhler, 1936] , as in work by Rose et al. [2008] and Moore et al. [2010] . The molalitydependent osmotic coefficient of ammonium sulfate used in Köhler theory is computed using the ion-interaction approach of Pitzer and Mayorga [1973] with parameters obtained from Clegg and Brimblecombe [1988] . The absolute uncertainty of the calibrated CCNC supersaturation is estimated to be AE0.04%, while the uncertainty in CCN number concentration from counting statistics and fluctuations in temperature, pressure, and flow rates during flight operation is estimated to be 7-16% for CCN concentrations above 100 cm À3 STP, which is comparable to the uncertainty of the instrument operating in constant flow mode [Moore et al., 2011] . The overall flow rate range was found to be sensitive to the large changes in the ambient air temperature ($10 C) encountered throughout the CalNex mission and both the minimum and maximum flow rate would gradually shift toward larger values as the aircraft cabin temperature increased during flight. This temperature dependence was found to impact the calibrated supersaturations during the flow downscans, while only weakly-influencing the calibrated supersaturations during the upscans. Consequently, calibration curves for multiple flow ranges were obtained to account for these effects, and only flow upscan data are used for this analysis.
Results and Discussion

Regional Air Types
[13] During the eighteen research flights from May 4th-June 20th, the WP-3D aircraft sampled aerosol in four geographical regions: the Los Angeles basin, the continentallyinfluenced marine coastal environment west of Los Angeles (hereafter referred to as Marine Outflow), the San Joaquin Valley, and the Sacramento Valley. Figure 1 shows the aircraft flight trajectories during CalNex, as well as the geographical regions used for this analysis.
[14] The median particle size distributions and mean aerosol volume fractions (relevant for CCN activation) for each sampling region are shown in Figure 2 . The distributions were obtained by computing the median aerosol concentration (and interquartile range) in each size bin for all distributions measured during CalNex. While this method produces a characteristic size distribution that is wider than any of the individual measured distributions, it does capture the relative importance of distinct aerosol modes to the regional aerosol population in terms of both their magnitude and observation frequency. Thus, we provide these distributions to inform the interpretation of aerosol and CCN characteristics, while using 30-second averaged size distributions for the calculations in sections 3.2, 3.3, and 3.6.
[15] Distinct aerosol modes are present at 30 nm and 90 nm in the Los Angeles basin, with a similar but slightly larger bimodal distribution in the Marine Outflow from the basin (D g = 30, 100 nm). A similar bimodal size distribution was seen by Cubison et al. [2008] for measurements in Riverside, California, during summer, 2005. They attribute small mode organics observed with an aerosol mass spectrometer to be externally-mixed with a larger, aged, internally-mixed mode of organics and inorganics [Cubison et al., 2008] , consistent with measurements in other urban and non-urban settings [e.g., Murphy et al., 2006; Zhang et al., 2005] . Median size distributions in the San Joaquin and Sacramento valleys were found to be primarily unimodal (D g $ 25 nm) with a smaller secondary mode centered around D g $ 80 nm.
[16] The average aerosol volume fractions shown in Figure 2 were calculated from the C-ToF-AMS mass loadings assuming the aerosol to be internally mixed. Inorganic species densities were obtained from tabulated values and an organic density of 1400 kg m À3 is assumed [Lance et al., 2009] . Neutral and acidic sulfate species were differentiated using the molar ratio of ammonium ions to sulfate ions, R SO4 , and mass balance as per Nenes et al. [1998] . For R SO4 > 2, sulfate is fully neutralized by the available ammonium and is present as ammonium sulfate, while for 1 < R SO4 < 2, the sulfate is present as ammonium sulfate and ammonium bisulfate. For R SO4 < 1, the sulfate is a mixture of ammonium bisulfate and sulfuric acid. Nitrate was found to constitute a significant fraction of the aerosol volume and is likely neutralized since HNO 3 is volatile at the ambient temperatures typically encountered during CalNex. In a limited number of cases constituting less than 10% of the sampling time in the Los Angeles basin and San Joaquin Valley, the measured ammonium mass was insufficient to fully neutralize both the measured sulfate and nitrate mass loadings. This suggests either the presence of other cations not explicitly resolved by the C-ToF-AMS (e.g., aminium salts) or the presence of externally mixed acidic sulfate. The "excess nitrate" that cannot be neutralized by ammonium does not contribute significantly to the overall aerosol compositions shown in Figure 2 , but was found to comprise less than 6% of aerosol volume during some periods in the Los Angeles basin and San Joaquin Valley. Given the uncertainty of the C-ToF-AMS measurements and external mixing effects, this estimate likely represents an upper limit. Sorooshian et al. [2008] measured the aerosol composition downwind of a large bovine source in the San Joaquin Valley and found a significant contribution from amines even in the presence of ammonia. Excess nitrate mass loadings reportedly reached 0.89-1.72 mg m À3 within the source plume, but were close to zero for background conditions in the valley [Sorooshian et al., 2008] . Organic species dominate all mass types ($49-79% by volume), with smaller contributions from ammonium sulfate and ammonium nitrate. Overall, unneutralized sulfate species constitute only 8-14% of aerosol volume on average.
CCN Activity
[17] Vertical profiles of the measured CCN concentration, N CCN , and fine particle condensation nucleus (CN, 0.004-1 mm diameters) concentration, N CN , are shown in Figure 3 . Fine particle concentrations range from 500-100,000 cm À3 STP, and concentrations exhibit a decreasing trend above about 1-2 km altitude. CCN concentrations follow a similar trend, but with at least ten-fold lower concentrations, typically ranging from a few tens to several thousand particles per cm 3 STP. The overall trends of the vertical profiles observed in each sampling region are similar.
[18] SFCA provides fast measurements of CCN concentrations over 0.25-0.65% supersaturation, s, during a 15-second flow scan, and these values were fit to a sigmoidal function of the form:
where a 0 , a 1 , and a 2 are empirical fitting constants. The fit function was then used to find the differential CCN distribution, dN CCN /ds over the range of 0.2-0.7% supersaturation for each flow upscan. This indirect procedure has the advantage of smoothing out any Poisson counting statistics uncertainty for the 1 Hz CCN concentrations, and is analogous to concentration averaging over 10-second and 30-second periods employed by Moore et al. [2011] and Asa-Awuku et al. [2011] for constant flow operation of the instrument.
[19] Figure 4 shows the average CCN and particle size distributions as a function of C-ToF-AMS organic volume fraction for each sampling region. The geometric mean supersaturation of the CCN distribution varies between 0.35-0.40% for all sampling regions, while the breadth of the distribution is more variable. Most of the CCN distribution falls within 0.2-0.4% supersaturation in the Los Angeles basin and Marine Outflow regions, although broadening toward higher supersaturations occurs at the highest organic loadings. The bimodal structure seen in Figure 2 for these regions is reflected in the size distribution when the organic volume fraction, org is below 0.6. As org increases, the size distribution transitions to a unimodal shape. This may reflect coagulation and condensational growth that blurs the distinction between a smaller mode of "fresh," primary particles and a larger mode of well-aged background aerosol similar to that observed by Cubison et al. [2008] . Although total fine particle concentrations peak at the highest org for the marine region, dN CCN /ds decreases in magnitude and broadens considerably, possibly from coastal sources of organic-rich and less-CCN-active pollution aerosol.
[20] The particle size distributions shown in Figure 4 for the San Joaquin and Sacramento Valleys are much more concentrated and unimodal. A more pronounced increase in particle size with increasing org is observed, which is consistent with condensational growth of the Aitken mode. The dN CCN /ds distributions in these valleys are much broader than in the Los Angeles basin, although the difference in geometric mean supersaturation between the regions is relatively small. This CCN distribution is widest at org $ 0.5-0.7 in the San Joaquin Valley and 0.7-0.75 in the Sacramento Valley, suggesting a mixture of hygroscopic and less-hygroscopic aerosol modes.
[21] In summary, while there is some variation in the regional size distribution, most particles are present in the 10-100 nm size range, which constrains the range of supersaturations required for CCN activation, consistent with the well-known principle that size is more important than composition in determining CCN activity [Dusek et al., 2006; Twomey, 1977] . Composition does play an important role, however, which is reflected in the broadening of the CCN spectrum at high aerosol organic fractions. This is seen most clearly in the San Joaquin and Sacramento Valleys, particularly the latter, where the average aerosol organic fraction is greatest.
Inferring Hygroscopicity
[22] The compositional and size-dependence of CCN activation is described by Köhler theory [Köhler, 1936] , and a single parameter representation of this theory has been widely-adopted in recent years [Petters and Kreidenweis, 2007] . The critical water vapor supersaturation, s c , required for a particle to act as a CCN is given by
where D p,c is the corresponding critical dry particle diameter, k is the effective hygroscopicity parameter, R is the universal gas constant, T is the absolute temperature, s is the surface tension of the solution droplet at the point of activation, and M w and r w are the molar mass and density of water, respectively. Here, the surface tension of pure water is [23] As in work by Moore et al. [2011] , equation (2) can be rearranged to state that when particles of a given k are exposed to a constant water vapor supersaturation, those larger than the critical dry diameter, D p,c will act as CCN. Thus, assuming the aerosol to be internally mixed, k can be determined by finding D p,c from integrating the the particle size distribution to match the measured CCN concentration at a given supersaturation,
where N CCN is the measured CCN number concentration, D p is the dry particle diameter, and n CN is the particle size distribution function. The derived values of D p,c are then used in equation (2) to find k.
[24] Figure 5 shows the median, CCN-derived k values plotted versus D p,c for each supersaturation measured. Although the CCN measurements are not size-resolved, it is expected that k would be most characteristic of the aerosol size range near D p,c , since that is where CCN concentrations would be most sensitive to changes in k. The error bars in Figure 5 denote the interquartile range of observed values. Also shown for comparison are k values calculated from the size-resolved and bulk (i.e., size-averaged) C-ToF-AMS compositions as
where i and k i are the volume fraction and pure-component hygroscopicity of species i, respectively. As discussed in section 3.1, this calculated k neglects the contribution of refractory aerosol species not measured by the C-ToF-AMS, but whose omission is not expected to significantly affect the calculated k. Pure-component inorganic k values are computed as k i = (M w /r w )(r i /M i ) i , where r i , M i , and n i are the density, molar mass, and van't Hoff factor of species i, respectively. An organic k, or k org , of either 0 or 0.11 is assumed, where the former corresponds to an insoluble organic species and the latter corresponds to a soluble organic species with, e.g., M org of 0.200 kg mol À1 and r org of 1400 kg m À3 . The C-ToF-AMS size-resolved compositions yield much better agreement with the CCN-derived k than is achieved with the bulk compositions. Assuming the organic species to be insoluble or slightly soluble has a small effect on the size-resolved k predictions, but the CCNderived k seems to agree best with the predictions based on insoluble organics. Since this calculation assumes the aerosol to be internally-mixed, this result may also be caused by an externally-mixed aerosol with both fresh (non-hygroscopic) and aged (more hygroscopic) organic species. Aerosol mixing state influences will be considered in the CCN closure study in section 3.6. Hygroscopicities derived from bulk C-ToF-AMS chemistry significantly overpredict those measured by the CCNC by almost twofold, which is consistent with Cubison et al. [2008] , who found sizedependent aerosol compositions were necessary to accurately reproduce the CCN concentrations observed in Riverside, CA.
Organic Oxygenation
[25] Figure 5 shows that the CCN-derived k is more consistent with size-resolved C-ToF-AMS predictions assuming insoluble organics, although mixing state effects would be expected to also play a role. Past studies have found organic aerosol hygrosocopicity to vary with the degree of oxygenation [e.g., Jimenez et al., 2009; Chang et al., 2010; Duplissy et al., 2011; Lambe et al., 2011] , with more-oxidized organics expected to be less-volatile and more hygroscopic. The C-ToF-AMS m/z 43 and 44 peaks can be used to characterize the organic oxygenation since m/z 44 is mostly the CO 2 + fragment of highly oxygenated organics (e.g., dicarboxylic acids and esters) and m/z 43 is mostly C 3 H 7 + and C 2 H 3 O + fragments. The ratio of each peak to the total organic aerosol mass (f 44 and f 43 , respectively) is then a proxy for the total oxygenation of the organic aerosol with higher f 44 values correlated with higher O:C [Aiken et al., 2008; Zhang et al., 2005] and hygroscopicity [Jimenez et al., 2009] .
[26] Figure 6 shows the 95% simultaneous confidence ellipses for f 43 and f 44 for each sampling region, where the center of each ellipse denotes the mean f 43 and f 44 values. The data were filtered to include only organic aerosol loadings greater than 1 mg m À3 to improve signal-to-noise; while reducing the overall scatter for some regions, this filtering process had a negligible effect on the statistical means. Also shown is the triangular bounding region reported by Ng et al. [2010] that describes the range of observations for the positive-matrix-factorization-resolved oxygenated organic aerosol (OOA) factor of ambient and chamber data. Ng et al. [2010] define f X as the ratio of m/z X to only the OOA aerosol mass, while this study uses the total organic mass. These different definitions are unlikely to bias the comparison between the range of f 44 values, but would be expected to shift the f 43 values in this study to higher values than seen by Ng et al. [2010] since m/z 43 incorporates both oxygenated and non-oxygenated fragments.
[27] It can be seen from Figure 6 that the organic oxygenation of aerosol in the Los Angeles basin and San Joaquin and Sacramento Valleys is less variable than that observed in the marine outflow. Typical f 44 values were $0.1-0.2, which corresponds to an approximate O:C ratio of $0.45-0.85 [Aiken et al., 2008] and an organic k of $0.1-0.2 [Lambe et al., 2011] . This CCN-derived k org is at the lower end of the range of 0.1-0.3 reported by Hersey et al. and Lambe et al. [2011] agrees very well with the CCNderived k in Figure 5 , reflecting the dominance of organic species at small aerosol sizes. An open question is whether the O:C ratio derived from size-averaged C-ToF-AMS measurements is truly representative of the smaller Aitkenmode particles that determine CCN activity. These results suggest that approximating the CCN-sensitive small aerosol mode with size-dependent composition and size-averaged organic oxygenation properties gives a reasonable prediction of the observed CCN hygroscopicity.
Sensitivity of CCN to Composition Effects
[28] While quantifying the aerosol hygroscopicity is important for parameterizing CCN activation and growth, it is also important to assess the overall sensitivity of CCN to k. To do this, we examine the theoretical sensitivity of the CCN activated ratio, R a , which is defined as the CCN concentration normalized by the total fine particle concentration. Following Wang et al. [2008] and Moore et al. [2011] , we assume that the aerosol size distribution for each region (shown in Figure 2 ) can be represented well by the sum of two lognormal aerosol modes. The sensitivity of R a is then given as
where n CN is the size distribution function, evaluated at D p,c , as
and D g,i and s g,i are the geometric mean diameter and geometric standard deviation of each mode, i. Since D p,c is related to k and s c in equation (2), we can express ∂ R a /∂ lnk across the range of possible supersaturations. This is shown in Figure 7 for each sampling region, using bimodal fits to the median size distributions shown in Figure 2 .
[29] As discussed by Moore et al. [2011] , the shape of ∂ R a /∂ lnk implies that R a is most sensitive to composition changes when D p,c is near the maximum of the size distribution. As discussed in the preceding section, California CCN exhibit k $ 0.1-0.2, and the sensitivity curves in Figure 7 for these values suggest that aerosol in the Los Angeles basin and Marine Outflow are at peak sensitivity to compositional effects between 0.25-0.4% supersaturation, while aerosol in the Sacramento and San Joaquin Valleys are more sensitive to k above 0.4-1% supersaturation.
[30] These estimates are based only on the measured, median size distributions for each sampling region. Yet, the low end of supersaturations where R a becomes sensitive to k agrees very well with the range over which SFCA-measured dN CCN /ds values are highest (Figure 4 ). This is particularly true for the Los Angeles Basin and Marine Outflow regions, while poorer agreement is seen in the San Joaquin and Sacramento Valleys. This implies that California convective and stratiform clouds with supersaturations on the order of 0.2-0.4% are particularly sensitive to aerosol chemical composition effects. This analysis also implies that much of the average CCN supersaturation distribution can be captured assuming a constant aerosol size distribution and a constant value of k $ 0.1-0.2.
CCN Closure
[31] In addition to quantifying the measured size and compositional impacts on CCN activity in terms of k, we also seek to quantify the uncertainty associated with using common simplifying assumptions typical of those in large scale models. Termed "CCN closure", this type of error analysis has been performed for a wide range of urban and rural sites [e.g., Asa-Awuku et al., 2011; Moore et al., 2011; Rose et al., 2010; Ervens et al., 2010; Wang et al., 2010; Bougiatioti et al., 2009; Lance et al., 2009; Cubison et al., 2008; Broekhuizen et al., 2006; Rissler et al., 2004; VanReken et al., 2003] .
[32] The CCN concentrations are computed following work by Moore et al. [2011] , where the C-ToF-AMS compositional data are first used to find the volume fractions of organics, ammonium nitrate, ammonium sulfate, ammonium bisulfate, and sulfuric acid. These volume fractions are then used to find the aerosol k (equation (4)) and the critical activation diameter, D p,c , above which all particles act as CCN (equation (2)).
[33] In applying these equations, it is necessary to make assumptions regarding the aerosol mixing state (e.g., internal versus external), organic hygroscopicity (e.g., k org = 0 or k org = 0.11), and whether the aerosol composition varies with particle size (e.g., size-dependent or size-invariant). In this study, we examine seven scenarios as follows:
[34] 1. Ammonium Sulfate: All particles are composed of ammonium sulfate (k = 0.6).
[35] 2. Internal Mixture, Soluble Organics: All particles have the same composition as determined by the sizeaveraged, C-ToF-AMS-derived volume fractions. Organics are soluble with k = 0.11.
[36] 3. Internal Mixture, Insoluble Organics: All particles have the same composition as determined by the size- Figure 7 . Sensitivity of the activated ratio, R a to k as a function of supersaturation. Curves for each sampling region were computed assuming an internal mixture and constant values of k, while using a bimodal fit to the median size distributions shown in Figure 2. averaged, C-ToF-AMS-derived volume fractions. Organics are insoluble with k = 0.
[37] 4. External Mixture, Soluble Organics: Particles are composed of pure components (e.g., organic particles, ammonium sulfate particles, etc.), and the number of each type is determined by the size-averaged, C-ToF-AMSderived volume fractions. Organics are soluble with k = 0.11.
[38] 5. External Mixture, Insoluble Organics: Particles are composed of pure components (e.g., organic particles, ammonium sulfate particles, etc.), and the number of each type is determined by the size-averaged, C-ToF-AMSderived volume fractions. Organics are insoluble with k = 0.
[39] 6. Internal Mixture, Size-Dependent Composition, Soluble Organics: Particles in each size distribution bin have the same composition as determined by the size-resolved, C-ToF-AMS-derived volume fractions, but the particle compositions in different size bins may not be the same. Organics are soluble with k = 0.11.
[40] 7. Internal Mixture, Size-Dependent Composition, Insoluble Organics: Particles in each size distribution bin have the same composition as determined by the sizeresolved, C-ToF-AMS-derived volume fractions, but the particle compositions in different size bins may not be the same. Organics are insoluble with k = 0.
[41] Closure was assessed for each scenario in terms of a CCN prediction error ratio, F = N CCN, predicted /N CCN . CCN predictions tended toward overprediction, and the mean percent overprediction (F À 1) Â 100% for each sampling region and instrument supersaturation is shown in Table 2 . The scenarios are arranged in columns with increasing complexity from left to right. Assuming the aerosol to be pure ammonium sulfate substantially overpredicts CCN concentrations in all sampling regions, while a modest improvement is gained by incorporating C-ToF-AMS compositions, assuming an internally-mixed aerosol population. Good agreement is found for internally-mixed aerosol with insoluble organics in the Sacramento Valley (F $ 0.92-1.01); although, given the large measured organic volume fractions and expected sources of secondary organic aerosol in this region, assuming the organics to be insoluble seems unlikely.
[42] Treating the aerosol as externally mixed overpredicts CCN concentrations if organics are assumed to be soluble and underpredicts CCN concentrations if organics are assumed to be insoluble. The San Joaquin Valley is an size-dependent compositions improves closure to within AE10-25% for most sampling regions, which is similar to predictions using size-averaged composition data (F $ 0.8-1.2), despite the increased complexity.
[43] Figure 8 shows the variation of prediction error ratios with measured CCN concentration, and it can be seen that the internally-mixed scenario assuming soluble organics consistently overpredicts CCN over the range of concentrations (F $ 1.1-2.0), while the externally-mixed, insoluble organics scenario gives a lower overall F but with more scatter ($0.5-1.5). For both scenarios, the median prediction error ratio increases with decreasing CCN concentration beyond what can be explained by decreased CCN counting statistics. Some of this uncertainty may be associated with increased C-ToF-AMS composition uncertainties at low particle concentrations. The concentration dependence also appears to be slightly more pronounced for the external mixture, insoluble organics scenario than for the internallymixed, soluble organics case. The greatest underpredictions are seen for the Sacramento Valley, where CCN concentrations were highest when org was high (Figure 4) . Consequently, the significant underprediction observed at high concentrations may occur from assuming insoluble organics.
[44] This analysis shows that the assumed aerosol mixing state and organic solubility are important for predicting CCN in California, and that the aerosol are likely to be at least partially externally mixed with both soluble and insoluble organics; however, it is not possible to deconvolute these effects, lacking size-resolved CCN measurements. AsaAwuku et al. [2011] and Wang et al. [2010] were able to achieve closure to within similar uncertainties ($20%) for urban aerosol in the vicinity of Houston, TX, and Mexico City, Mexico, respectively. The latter study notes that agreement was predicated on most aerosol having k > 0.1 [Wang et al., 2010] . Cubison et al. [2008] performed CCN closure for aerosol sampled in Riverside, California, and report substantially higher prediction uncertainties (F $ 4-6) for similar size-averaged scenarios as employed here [Ervens et al., 2010] , which were attributed to the influence of fresh emissions of non-CCN-active elemental carbon and small particles [Cubison et al., 2008] . Ship-based measurements in the ship channel near Houston, TX, also showed large CCN overpredictions (F$1.7-2.4) in a recent closure study, which again were explained by close proximity to local emissions sources [Quinn et al., 2008; Ervens et al., 2010] . Thus, while these results are broadly representative of the regional aerosol near Los Angeles and the Central Valley of California, they do not seem to capture the increased uncertainty associated with localized fresh emissions sources that may be important for assessing air quality impacts. Given the relatively low resolution of large scale models, however, the more regional nature of these measurements may be more appropriate for future assessments of climate prediction uncertainties.
Summary and Conclusions
[45] Measurements of aerosol size, chemical composition, and CCN-derived hygroscopicity obtained during the CalNex project in May-June, 2010, are presented and analyzed. Assuming the aerosol to be internally-mixed was found to significantly overpredict CCN concentrations by 30-75% for all sampling regions except the Sacramento Valley, where good closure (overprediction < 10%) was achieved assuming insoluble organics. Assuming the aerosol to be externallymixed with insoluble organics underpredicted CCN concentrations, on average. This suggests that California aerosol is likely to be only partially externally mixed, which is consistent with the observed bimodal size distributions and with the coexistence of both fresh and aged aerosol. [46] We also quantify the compositional dependence of CCN activity in terms of the hygroscopicity parameter, k, which was found to vary between 0.1-0.2 with very little supersaturation dependence. CCN-derived k and those calculated from size-resolved C-ToF-AMS compositions were found to agree very well, although using size-averaged CToF-AMS compositions overpredicted k by almost twofold. This suggests a size-dependence to k which is most apparent when comparing the Aitken and accumulation mode k. Calculations based on the median size distributions for each sampling region suggest that CCN concentrations are highly sensitive to compositional effects for supersaturations above 0.3-0.4%, which agrees remarkably well with the measured dN CCN /ds distributions, which were also centered in this range. This suggests that using regional aerosol properties is sufficient for capturing the overall characteristics of CCN; although, this likely does not account for small scale features such as fresh emissions plumes.
